Microwave processing has great potential for improving composite manufacturing such as reduction of curing time, energy requirements and operational costs. In this paper, the effects of microwave irradiation for resin-curing of carbon fiber/epoxy resin composite that was composed of discontinuous carbon fibers of 130 µm or 3 mm were investigated. The mechanical properties of carbon fiber/epoxy resin composite cured by microwave irradiation for 20 min at 120˚C were similar to ones of the sample prepared by conventional oven for 180 min at 120˚C. Microwavecured carbon fiber/epoxy resin composite had higher glass transition temperature than the one prepared by conventional oven. The relation between curing time and flexural modulus indicated that the curing velocity of microwave-irradiated carbon fiber/epoxy resin composite was 9 times faster than the one prepared by conventional oven. Furthermore, activation energies for resincuring reaction on microwave-and conventional-cured carbon fiber/epoxy resin composite were estimated. The resin-curing reaction in carbon fiber/epoxy resin composite was promoted by microwave irradiation.
mechanical properties at automobile, airplane and aviation industries fields. Carbon fiber has excellent strength and stuffiness [1] . Thermosetting resin as epoxy is generally adopted as a matrix component of carbon fiber/epoxy resin composite. Epoxy resin is cured by chemical reactions with base resin and curing agent at high temperature. In general, the epoxy resin is cured by outside heating system such as a conventional electric and/or an autoclave oven. It is known that curing process for epoxy resin is necessary for long time [2] [3] . Moreover, energy consumption in the process of epoxy resin curing is required enormously [4] . The intricacy and high energy consumption of manufacturing techniques have restricted wider industrial use of composites. From these reasons, the development of curing methods with rapid processing time and energy saving properties has been expected at many industrial fields [3] [5] [6] .
Microwave irradiation generates heating within the material rather than relying on heat transfer through conduction and convection. Thus, it is more appropriate to consider heating by microwave irradiation as conversion of electromagnetic energy to thermal energy rather than heat transfer [7] [8] [9] [10] . Therefore, as the rapid thermosetting resin-curing system of carbon fiber/epoxy resin composite, microwave processing has recently attracted attention. However, in the application for resin-curing, there are several discussions about whether or not the microwave irradiation affects rapid resin-curing of carbon fiber/epoxy resin composite, energy saving for resin-curing and mechanical properties as compared to conventional oven [11] [12] [13] . Thus, effects of microwave processing for carbon fiber/epoxy resin composite have not yet been fully exploited.
In present study, we will demonstrate how microwave irradiation for curing of matrix epoxy resin in carbon fiber/epoxy resin composite, which is composed of carbon fibers with different length, has effects. Resin-curing rate and mechanical properties of microwave-irradiated carbon fiber/epoxy resin composite, which was prepared from different fiber length, were investigated. Moreover, we will show the activation energy of epoxy resincuring on carbon fiber/epoxy resin composite prepared from microwave processing and conventional heating methods.
Experimental Procedures

Materials
All chemicals and materials were used as received without further purification. Epoxy resin (EPICLON-855) and its curing agent (Aromatic amine, JERCUR-ST11) were obtained from DIC Corporation and Mitsubishi Chemical Corporation, respectively. Carbon fibers with the different fiber length (TORAYCA MLD-300; average length 130 µm, and TORAYCA T010-003; average length 3 mm, diameter 5 μm) were purchased from Toray Industries, Inc.
Preparation and Curing of Carbon Fiber/Epoxy Resin Composites
Carbon fibers were mixed with epoxy resin and curing agent using a hybrid deformation blender (ARE-310; THINKY Inc.) for 2 min at 2000 rpm. The content of carbon fibers was adjusted to be 5 vol.% for examining the curing properties of resin. After kneading, the pastes prepared from mixing of carbon fibers and resin were cast into a silicon-mold, and the pre-curing of carbon fiber/epoxy resin composite were obtained after keeping 1440 min (24 h) at room temperature (27˚C). Next, post-curing of carbon fiber/epoxy resin composite was performed by both microwave irradiation and conventional heating (SA3100; MASUDA CO.) at 80˚C, 100˚C and 120˚C, respectively. The microwave irradiation power was 1.5 kW on magnetron multimode type (2.45 GHz, MW-Master; MINO CERAMIC CO.).
Characterization
Mechanical properties of the post-cured carbon fiber/epoxy resin composites were investigated by three-point bending test using autograph apparatus (AG-IS; SHIMADZU CO.). The size of specimens for bending test was 10 × 80 × 4 mm. The three-point bending tests were performed at the indenter speed of 2 mm/min. In order to estimate the degree of curing reaction between epoxy resin and curing agent, glass transition temperature (T g ) was measured at a heating rate of 5˚C/min under N 2 flow using scanning calorimeter (DSC, DSC8230; RIGAKU CO.).
Energy consumption for resin-curing of carbon fiber/epoxy resin composites prepared by microwave-and conventional-heating was measured by an operating record system (MW-Master; MINO CERAMIC CO.) and a unit chamber volume with power meter (TAP-TST8; SANWA SUPPLY CO.), respectively. Figure 1 shows that the flexural modulus, flexural strength and specific stiffness of carbon fiber/epoxy resin Figure 1 . Flexural modulus (a), flexural strength (b) and specific stiffness (c) dependence of curing time on microwave-and conventional-cured carbon fiber/ epoxy resin composites at 120˚C. White, gray and shaded bars show pre-cured carbon fiber/epoxy resin composite for 1440 min at room temperature, microwave-and conventional-cured carbon fiber/epoxy resin composite, respectively. composites with 3 mm carbon fibers prepared by microwave irradiation and conventional heating at 120˚C, and represents that the mechanical properties of pre-cured carbon fiber/epoxy resin composite which was cured for 1440 min at room temperature. In the case of the pre-cured carbon fiber/epoxy resin composite, the flexural modulus (Figure 1(a) ) was 3.1 GPa. The flexural modulus of carbon fiber/epoxy resin composites cured by microwave and conventional heating processing increased with increasing curing time. In the case of carbon fiber/epoxy resin composites irradiated by microwave for 5, 10 and 20 min, the flexural modulus was 3.9, 3.8, and 4.9 GPa, respectively. By microwave irradiation to pre-cured carbon fiber/epoxy resin composite for 20 min, the modulus increased rapidly. The flexural modulus of the microwave-irradiated carbon fiber/epoxy resin composite for 20 min was higher in 60% than one of the pre-cured carbon fiber/epoxy resin composite. On the other hand, the flexural modulus of carbon fiber/epoxy resin composite prepared by conventional heating for 20 min was 3.3 GPa, indicating similar to one of the pre-cured carbon fiber/epoxy resin composite. Thus, the reaction between epoxy resin and curing agent was not accelerated at short time of conventional heating. When the curing time of conventional heating was 180 min, the flexural modulus was 5.0 GPa. The value was similar to one of microwave-cured carbon fiber/epoxy resin composite for 20 min at 120˚C. Flexural strength and specific stiffness (Figures 1(b) and Figures 1(c) ) showed the same tendency with flexural modulus (Figure 1(a) ), indicating that microwave irradiation could rapidly cure epoxy resin in carbon fiber/epoxy resin composite as compared to conventional heating.
Results
In order to investigate dependence of curing temperature on mechanical properties of cured carbon fiber/epoxy resin composites, microwave-and conventional-cured carbon fiber/epoxy resin composites at 80, 100 and 120˚C were prepared. Figure 2 shows the flexural modulus, flexural strength and specific stiffness of carbon fiber/epoxy resin composites prepared by microwave irradiation for 20 min and conventional heating for 180 min at 80, 100 and 120˚C, respectively. The flexural modulus, flexural strength and specific stiffness of carbon fiber/epoxy resin composite cured at room temperature (27˚C) were 3.1 GPa, 62.1 MPa and 2.8 × 10 5 m, respectively. On the other hand, the flexural modulus, flexural strength and specific stiffness of carbon fiber/epoxy resin composites cured by microwave irradiation and conventional heating similarly increased with increasing heating temperature. Furthermore, these mechanical properties of carbon fiber/epoxy resin composite cured by microwave irradiation for 20 min at 120˚C were 5.0 GPa, 108 MPa and 4.4 × 10 5 m, respectively, whereas in the case of carbon fiber/epoxy resin composite prepared by conventional heating at 120˚C for 180 min, the mechanical properties were 5.0 GPa, 110 MPa and 4.1 × 10 5 m, respectively. These results prove clear that microwave irradiation for carbon fiber/epoxy resin composites rapidly cures epoxy resin as compared to the one prepared by conventional heating at the same curing temperature.
In addition, energy consumption for resin-curing at 120˚C by microwave irradiation for 20 min and conventional heating for 180 min was estimated. The energy consumption was calculated from the way of per unit volume of chamber in microwave and conventional oven. The energy consumptions on microwave-and conventional-curing process were 0.1 and 21.1 kW h/m 3 , respectively. Therefore, it is suggested that microwave processing for rein-curing in carbon fiber/epoxy resin composite has excellent advantage as compared to conventional heating. Figure 3 shows that the differential scanning calorimeter (DSC) curves of microwave-and conventionalcured carbon fiber/epoxy resin composites at 120˚C. The glass transition temperature (T g ) was decided from DSC curve by the tangent intersection method [5] . T g of pre-cured carbon fiber/epoxy resin composite (Figure 3  (a) ) was 43˚C. T g of carbon fiber/epoxy resin composites prepared by microwave irradiation for 5, 10 and 20 min (Figure 3 (d)-(f) ) became high slightly with increasing curing time. Particularly, T g of carbon fiber/epoxy resin composite prepared by microwave irradiation for 20 min became 2˚C higher than one of other curing time, indicating that the resin-curing reaction was promoted by increasing microwave irradiation time. On the other hand, T g of conventional-cured carbon fiber/epoxy resin composite for 20 min was 43˚C (Figure 3 (b) ), the same as pre-cured carbon fiber/epoxy resin composite. Moreover, the conventional-cured carbon fiber/epoxy resin composite for 180 min (Figure 3 (c) ) showed 44˚C, which is still 2˚C lower T g than the microwave-cured carbon fiber/epoxy resin composite for 20 min. The DSC result shows that microwave irradiation promotes curing of epoxy resin in CFRP. This is in agreement with other work by Fang et al. [11] . Figure 4 shows mechanical properties of flexural modulus, flexural strength and specific stiffness for carbon fiber/epoxy resin composites with carbon fibers of 130 μm and 3 mm length. Microwave irradiation was performed for 20 min at 120˚C. In the case of carbon fiber/epoxy resin composite with 130 μm carbon fibers, the mechanical properties prepared by microwave irradiation for 20 min at 120˚C have similar with ones by conven- tional heating for 180 min at 120˚C. The flexural modulus, flexural strength and specific stiffness of microwaveand conventional-cured carbon fiber/epoxy resin composite were 3.9 and 3.7 GPa, 99 and 92 MPa, 3.4 × 10 5 and 3.3 × 10 5 m, respectively. On the other hand, microwave-irradiated carbon fiber/epoxy resin composite composed of 3 mm carbon fibers had larger mechanical properties than carbon fiber/epoxy resin composites composed of 130 μm fibers. Length of carbon fibers in carbon fiber/epoxy resin composite plays a role for improvement of mechanical properties on microwave processing. Figure 5 shows the duty output power dependence of resin-curing temperature when microwave irradiation to carbon fiber/epoxy resin composites with different length (130 μm or 3 mm) of carbon fibers was performed for 20 min at 80˚C, 100˚C and 120˚C. The duty output power means quantity of microwave for maintaining the setting temperature in oven. In the case of carbon fiber/epoxy resin composite with short carbon fibers of 130 μm, the duty output power increased as the curing temperature increased. At 80˚C, 100˚C and 120˚C of curing temperature, the duty output powers were to be 8.7%, 10.0% and 12.6%, respectively. On the other hand, in the case of carbon fiber/epoxy resin composite with long carbon fibers of 3 mm, the duty output power was almost constant to be ca. 6% at 80˚C, 100˚C and 120˚C of curing temperature. Furthermore, the power in carbon fiber/epoxy resin composite with 3 mm carbon fibers was lower than one with 130 μm carbon fibers. At 120˚C of temperature which resin-curing was occurred, the duty output power in the carbon fiber/epoxy resin composite with 3 mm carbon fibers was half as compared to one with short carbon fibers of 130 μm, which indicate that carbon fiber/epoxy resin composite composed of long carbon fibers was heated effectively by microwave irradiation with low energy.
Discussions
Compared to conventional heating, microwave irradiation leads to a rapid resin-curing and enhancement of mechanical properties of carbon fiber/epoxy resin composite as shown in Figures 1-4 . The resin-curing is achieved with very low energy consumption by microwave irradiation. Furthermore, carbon fiber/epoxy resin composite prepared from long discontinuous carbon fibers is achieved to the setting temperature for resin-curing at the small microwave duty output power of about 6%. On the other hand, the microwave duty output power of carbon fiber/epoxy resin composite with short discontinuous carbon fibers is high and increases with increasing the setting temperature for resin-curing as shown in Figure 5 . Thus, it can be concluded that the length of carbon fibers contributes to heating efficiency of microwave to carbon fiber/epoxy resin composite.
It should be of interest to discuss the quantitative difference of the heating efficiency observed between different carbon fiber lengths on microwave irradiation to carbon fiber/epoxy resin composite. In previous reports, microwave processing has been used to perform resin-curing and adhesive of composite materials with very short carbon nanofibers such as carbon nanotube [3] [14] [15] , or carbon black [16] [17] , as compared to carbon fiber which is utilized to produce carbon fiber/epoxy resin composite.
A heating efficiency can be estimated by the following equation [18] , 2 1.66 10
where P (kW) is the output power, M (kg/min) is the treatment amount per minute, C (J/kg˚C) the specific heat, and T (˚C) is the temperature. Chang et al. [19] have reported the fabrication of composites at 0.5% solids loading from epoxy resin/carbon nanotube of 5 μm length and 10 nm diameter by microwave irradiation. They prepared 0.5% carbon nanotube/epoxy resin composites at 120˚C by 700 W of microwave output power. From Equation (1), the heating efficiency (η) can be estimated to be 0.3 × 10 −3
. On the other hand, in this study, carbon fibers of 130 μm or 3 mm length, that was much longer than carbon nanotube, were used for the fabrication of carbon fiber/epoxy resin composite. The microwave heating efficiency of carbon fiber/epoxy resin composites composed of 130 μm or 3 mm carbon fibers can be estimated from Figure 5 and Equation (1) . Figure 6 shows the relation between curing temperature of 80˚C, 100˚C and 120˚C and microwave heating efficiency of carbon fiber/epoxy resin composite prepared from 130 μm and 3 mm carbon fibers. The output powers were calculated from duty output power of microwave generator ( Figure 5) . As shown in Figure 6 , η of microwave-irradiated carbon fiber/epoxy resin composite prepared from 130 μm carbon fibers is almost constant to be 1.6 × 10 −3 with curing temperature increasing from 80˚C to 120˚C, whereas η of microwave-irradiated carbon fiber/epoxy resin composite prepared from 3 mm carbon fibers increases with increasing the curing temperature. Particularly, in the case of microwave-irradiated carbon fiber/epoxy resin composite with long carbon fibers of 3 mm at 120˚C, η was 3.0 × 10 −3 and was twice compared to the one of microwave-irradiated carbon fiber/epoxy resin composite with short carbon fibers of 130 μm. This indicates that the length of carbon fiber in carbon fiber/epoxy resin composite obviously contributes to heating efficiency on microwave processing.
Assuming that carbon fiber/epoxy resin composites after conventional heating and microwave irradiation have same structures, their mechanical properties should be similar. As shown in Figure 1 , the microwave irradiated carbon fiber/epoxy resin composite for 20 min at 120˚C has similar mechanical properties; the flexural modulus, flexural strength and specific stiffness, to conventional-heated one for 180 min at 120˚C. Thus, microwave irradiation has an effect of resin-curing in carbon fiber/epoxy resin composite at a short time. The curing time is 9 times faster than conventional heating. It is well known that chemical reaction such as resin-curing can be discussed using Arrhenius equation. Generally, Arrhenius equation is represented as following;
where E b is the flexural modulus, E the reaction energy, R is the gas constant, T the reaction temperature, and A is the frequency factor. Figure 7 shows the flexural modulus (E b ) of carbon fiber/epoxy resin composites prepared by microwave irradiation for 20 min at 120˚C and conventional heating for 180 min at 120˚C as a function of the reaction temperature. The slope (−E/R) of fitting lines is 241 and 242, respectively, which means that the reaction energy of resin-curing by microwave processing is the same as that by conventional heating. That is, in the case of enough temperature and time to cure epoxy resin, the curing reaction of epoxy resin is caused similarly regardless of heating process. However, as shown in Figures 1-4 , the resin-curing rate on microwave processing is faster than one on conventional heating, and the microwave processing leads to an improvement of mechanical properties at shorter time. Generally, chemical reaction such as resin-curing contributes to amount of activation energy as Gibbs free energy. In brief, the rate of curing reaction is fast if activation energy by microwave irradiation is low. The activation energy for curing process on microwave-and conventional-cured carbon fiber/epoxy resin composite can be determined from the mechanical properties data [20] . Curing process kinetic is represented as follows:
where E b is the flexural modulus at curing time t and E b0 is the initial flexural modulus. A 0 is constant. When t = 0 then, E b − E b0 = A 0 . In general, E b >> E b0 and then Equation (3) becomes
In reaction kinetics, K is represented as follows:
where χ is the distance moved of molecule, γ b the surface energy, V M the molar volume, N A the Avogadro's number, h the Plank's constant, R the gas constant and T is the curing temperature. Substitution of Equation (4) into Equation (5) reveals the correlation between flexural modulus and curing time:
where ∆G* is the activation energy for curing process. Figure 8 shows the relationship between the square of flexural modulus and curing time for carbon fiber/epoxy resin composites composed of 3 mm carbon fibers prepared by microwave and conventional curing at 120˚C. The data was fitted by Equation (7).
( )
Table 1 summarizes the fitted equation and the activation energy for curing process (∆G*) in this study. In the case of the carbon fiber/epoxy resin composite prepared by microwave curing, the activation energy was 1.3 × 10 4 J/mol, whereas the one prepared by conventional curing was 1.7 × 10 4 J/mol. The activation energy for curing process of carbon fiber/epoxy resin composite prepared by conventional curing was about 1.3 times as compared to the one prepared by microwave curing, indicating that the rein-curing by microwave processing is promoted as compared to conventional heating.
Conclusions
In this study, we investigated the effect of microwave irradiation on epoxy resin-curing in carbon fiber/epoxy resin composite by varying the irradiation time, curing temperature, and discontinuous carbon fiber length. It was shown that the promotion of resin-curing by microwave processing was strongly dependent on carbon fiber length. Carbon fiber/epoxy resin composite composed of longer carbon fibers was heated efficiency by microwave irradiation at low energy.
Moreover, microwave irradiation led to rapid resin-curing as compared to conventional heating. We have demonstrated that the kinetics of resin-curing is explained by Arrhenius plot and activation energy on microwave irradiation and conventional heating. One important consequence of the present study is that choice of processing in view point of activation energy leads to promotion of resin-curing rate. Microwave processing is very suitable for rapid carbon fiber/epoxy resin composite manufacturing. 
